Abstract-Bipolar switching is reported for the first time using solution deposited amorphous zinc-tin-oxide (ZTO). The impact of compliance current (CC) on the SET voltage, the magnitude of the low and high resistance states, and the switching ratio is investigated for Al/ZTO/Ir resistive random access memory (RRAM) devices.
I. INTRODUCTION
ESISTIVE random access memories (RRAM) (also known as memristors) have attracted attention for nextgeneration non-volatile memory devices and are being considered as a potential replacement for flash due to their simple structure, rapid program/erase speed, and low power consumption [1] . A resistive switching memory cell can be electrically programmed between at least two resistive states, where the cell can be switched from the high resistance state (HRS) to low resistance state (LRS) in the SET process and switched from LRS to HRS in the RESET process. Both unipolar and bipolar switching has been observed for RRAM devices. In the case of unipolar switching the polarities of the external voltage for the reset and set processes are identical, while for bipolar switching the polarities of the external voltage for the reset and set processes are opposite. Unipolar switching may be considered to be less reliable due to issues related to the high operating and compliance currents that are required for the forming process.
It has been demonstrated that a large assortment of materials can exhibit resistive switching including TiO2 [1] , NiO [2] , ZrO 2 [3] , ZnO [4] , Pr 0.7 Ca 0.3 MnO 3 [5] , and many others [6] . There are a number of physical phenomena that can drive resistive switching however detailed understandings of the switching mechanisms are not well understood. One general model that has been adopted to explain resistive switching in insulating oxide films is the formation and rupture of conductive filaments [7] . The control of filament growth can be achieved by setting the compliance current (CC) where optimization has been shown to assist in obtaining stable and reliable resistive switching behavior [8] .
There has been recent interest in evaluating new materials that have dual functionality as the active switching material as well as the active semiconductor for thin film transistors (TFT). An early example of this is the amorphous oxide semiconductor indium-gallium-zinc-oxide (IGZO) which has attracted considerable interest for TFT applications [9] , and more recently for RRAM [10] .
In this study we present results for an alternative amorphous oxide semiconductor zinc-tin-oxide (ZTO) for RRAM applications. It has been demonstrated that ZTO performs well as an active semiconductor for TFTs where ZTO has high transparency, good electron mobility, and low processing temperatures [11] . An advantage of ZTO, compared to IGZO, is that it avoids the use of In and Ga, which are increasingly expensive elements. We have observed bipolar switching for solution deposited ZTO when the compliance current was slowly increased. The impact of compliance current on the magnitude of the on and off resistance states, the SET voltage, and the switching ratio were studied.
II. EXPERIMENTAL DETAILS

A. Materials Preparation & Device Fabrication
We have fabricated RRAM devices using standard metal-insulator-metal (MIM) structures, where ZTO is the active switching layer located between the two electrodes and Ir and Al are the bottom and top contacts, respectively. For this work, a blanket Ir film was deposited on a Si substrate using electron beam evaporation and a thin Ti adhesion layer was incorporated at the Ir/Si interface. Atomic force microscopy (AFM) was used to estimate the root-mean-square (RMS) roughness. For the Ir bottom electrode the RMS roughness was 11 +/-1 nm with a peak roughness of 120 +/-10 nm.
Zinc chloride (ZnCl 2 ) and tin chloride (SnCl 2 ) metal precursors were dissolved in a mixture of acetonitrile and ethyleneglycol with a 1:1 volume ratio. This ZTO precursor solution was spin coated onto the Ir metal surface to form a uniform continuous film. Prior studies have indicated that the aprotic solvent is volatile and does not dissociate the metal-halide precursor [11] . During spin-coating the metal chloride precursor solution readily loses the solvent and forms a uniform film, which then absorbs moisture from the ambient air. Subsequently, the precursor forms a metal-oxide thin film by the substitution reaction between water and metal halide as shown in Fig. 1 . Immediately after spincoating, the 6 nm ZTO films were dried on a hotplate at 100 °C and then annealed at 500 °C for 2 h in a furnace in an air ambient atmosphere. This annealing process completes the conversion to a ZTO film which was ~10 nm thick. In order to make contact with the bottom electrode (BE), the ZTO film was patterned using SU-8 photoresist and then etched in 0.1 M oxalic acid for 10 minutes. The top electrical contacts were formed using contact photolithography to pattern 50 µm diameter circular holes in S-1818 photoresist. The top Al electrode was deposited by evaporation and patterned using a lift off process.
B. Electrical measurements
An Agilent 4155 semiconductor parameter analyzer and a probe station were used to measure the RRAM switching characteristics. For these measurements the bias was applied to the top Al gate while the bottom Ir gate was held at ground.
In Fig. 2 we show a typical current vs. voltage plot of a typical bipolar switching cycle for ZTO RRAM devices. Also shown are the various characterization parameters such as the SET and RESET voltages, the pre and post SET currents, and the pre and post RESET currents. The direction of switching is indicated by the arrows, where the devices are SET from the high resistance state (HRS) to the low resistance state (LRS) in a clockwise direction during negative bias sweeps, and are RESET from the LRS to HRS during positive bias sweeps, again in a clockwise direction. In these experiments, the abrupt jump in current that occurs during the SET operation is prevented from becoming dielectric breakdown by using the current compliance on the semiconductor parameter analyzer to limit the current passing through the device. 
III. RESULTS/DISCUSSION
It has been reported for TiO 2 based RRAM that a range in current compliance exists in which resistive switching behavior is observed.
Both above and below this compliance range resistive switching is no longer observed [8] . This suggests that determining the proper current compliance limit is essential for obtaining consistent bipolar resistive switching. Shown in Fig. 3 are representative current vs. voltage sweeps showing bipolar switching for a 50 µm diameter Ir/ZTO/Al device, where the current compliance limit for the SET operation was systematically increased from 1 mA to 25 mA. Initially, the devices are in the HRS and do not appear to require a distinct forming process. That is the voltage at which the first HRS to LRS transition occurs is nominally at the same voltage as subsequent SET operations. The data used to produce Fig. 3 can also be used to establish a relationship between the R OFF /R ON switching ratio and the correlation between the SET voltage and the current compliance limit. Shown in Fig. 4 is a plot of R ON and R OFF vs. switching cycle for the device from Fig. 3 that was programmed by systematically increasing the compliance current limits for the SET operation. As seen in Fig. 4 , very high R OFF /R ON ratios on the order of 10 6 to 10 8 can be achieved. While the LRS (R ON ) remains fairly constant as a function of switching cycle and compliance current limit, the HRS (R OFF ) is seen to decrease with increasing cycles, making it difficult to make any correlation between the LRS and the compliance limit. However, it should be noted that at the 25 mA compliance limit, devices were found to be unstable and after only a few cycles could no longer be switched. Due to the decrease in the LRS, the R OFF /R ON ratio is also seen to decrease with increasing switching cycles. A plot of the extracted SET and RESET voltages is shown in Fig. 5 . The SET voltage appears to shift to lower values with increasing switching cycles and higher current compliance values. There appears to be more variation in the RESET voltage values and does not exhibit a clear dependence upon the switching cycle or current compliance values. A plot of the extracted pre-SET, post-SET, and pre-RESET currents versus number of switching cycles is shown in Fig. 6 . The post-SET current is determined by the compliance limit. Although the pre-SET and pre-RESET currents appear to increase with increasing compliance current, it is difficult to separate this from a possible dependence upon the number of switching cycles. The authors of [10] suggested that the LRS they observed in IGZO was dominated by Ohm's law, while the HRS was dominated by Ohm's law at low fields and space-chargelimited current at high fields. In order to investigate the conduction mechanisms in our ZTO switching devices, a double logarithmic plot of current in the LRS and HRS versus voltage for a device with a SET current compliance of 10 mA is shown in Fig. 7 . For the LRS, the slope is 0.91 which is close to unity, indicating that conduction obeys Ohm's law for all voltages. The HRS is more complex where at low voltages the slope is close to unity indicating ohmic conduction. At higher voltages the slope increases suggesting a change in the primary conduction mechanism. Possibilities include Poole-Frenkel, Schottky, and space charge limited current (SCLC). Modeling the HRS in the high voltage regime using appropriate parameters gave a reasonable fit for all three of these mechanisms. Additional measurements at different temperature will be required to determine the exact mechanism for conduction in the HRS at higher voltages. 
IV. SUMMARY / CONCLUSION
Bipolar resistive switching with a very high R OFF /R ON switching ratio (>10 6 ) was demonstrated using a solution processed ZTO layer. The switching characteristics of the Al/ZTO/Ir devices were investigated as a function of the current compliance limit during the SET operation. At higher compliance limits device operation became less stable and the switching ratio (R OFF /R ON ) decreased significantly. A similar dependence of switching on current compliance was reported for TiO 2 devices [4] . These results suggest that the compliance current is a critical parameter for controlling the switching characteristics for ZTO RRAM devices.
